Background {#Sec1}
==========

Lung cancer is the leading cause of cancer-related deaths worldwide and is one of the most incurable cancers owing to the low rate of curative therapy and high rate of disease relapse \[[@CR1]\]. Recent evidence suggests that non-small cell lung carcinoma (NSCLC), like other tumors, harbors cancer stem cell (CSC) populations \[[@CR2], [@CR3]\]. NSCLC CSCs, a small subpopulation of cancer cells that possess properties of self-renewal and differentiation into multiple cell types. The presence of cancer stem cells serves as the primary driver for tumor initiation, progression, and metastasis \[[@CR4]--[@CR6]\]. The identification of NSCLC cancer stem cells has been hampered by the lack of robust surface markers. \[[@CR7]\]. Thus, define novel marker that represent an effective therapeutic target for NSCLC CSCs is needed. NSCLC cells with CSC characteristics are enriched within populations with specific cell markers such as CD44, CD166, ALDH1A1, Sox2, Oct4, Nanog, and CD133, which also contribute directly to the CSC properties. These markers may be associated with carcinogenesis and tumor progression, and may also play an important role in maintaining the stemness phenotype of CSCs \[[@CR8]--[@CR11]\]. Therefore, studies on CSCs and a better understanding of CSC biology in lung cancer will provide a basis for developing novel diagnostic and therapeutic strategies.

Leucine zipper-EF-hand-containing transmembrane protein 1 (LETM1) is one of the mitochondrial inner membrane proteins that is conserved between yeast and humans \[[@CR12]\]. LETM1 acts as an anchor protein and associates with mitochondrial ribosomal protein L36 \[[@CR13], [@CR14]\]. In addition, LETM1-mediated inhibition of mitochondrial biogenesis enhances glycolytic ATP supply and activates protein kinase B activity and cell survival signaling \[[@CR13], [@CR14]\]. Furthermore, the expression levels of LETM1 markedly increased in various cancers compared with those in normal tissue, demonstrating that high LETM1 expression may be a potential tumor marker \[[@CR14]\]. However, the function of LETM1 in tumorigenesis and its regulation are largely unclear, and the role of LETM1 as a prognostic biomarker in NSCLC has not been previously reported. Moreover, some controversies persist regarding the role of LETM1 in lung cancer cells.

In this study, we investigated the clinical significance of LETM1 as a potential NSCLC prognostic marker, LETM1 expression was examined by immunohistochemistry in 75 cases NSCLC and 20 cases adjacent normal lung tissues samples. To evaluate the interaction between LETM1 expression and the stem cell like characteristics of LETM1 positive cells, we analyzed and compared its expression with that of other cancer stemness-related genes such as CD44, LSD1, Sox2 and Sox9. In summary, our studies show that LETM1 expression indicates poor prognosis for NSCLC.

Methods {#Sec2}
=======

Patients and samples {#Sec3}
--------------------

This study consists of an initial discovery cohort and a clinical validation cohort. In the discovery cohort, we analyzed data from Oncomine database ([www.oncomine.org](http://www.oncomine.org)). Bioinformatics analysis were performed using the Oncomine database to analyze mRNA expression. On the other hand, the clinical validation cohort included a total of 95 cases of lung tissue samples including 75 cases of NSCLC and 20 cases of adjacent non-tumor lung tissue (excluded fibrosis, inflammation, dysplasia and interstitial tissues) are obtained from Shanghai Outdo Biotech Co. Ltd. (Outdo Biotech). No patient received preoperative chemotherapy or radiotherapy. Moreover, formalin-fixed and paraffin-embedded sagittal sections of human fetus samples are obtained from Yanbian University Affiliated Hospital. The studies complied with the Helsinki Declaration and were approved by the Human Ethics Committee and the Research Ethics Committee of Yanbian University College of Medicine.

Immunohistochemical analysis {#Sec4}
----------------------------

Tissue sections on microscope slides were deparaffinized, hydrated, and treated with 3% H~2~O~2~ for 15 min to quench endogenous peroxidase activity. Sections were immersed in TE buffer (10 mM Tris and 1 mM EDTA, pH 9.3) for epitope retrieval in a microwave for 30 min. The slides were then incubated with 4% bovine serum albumin for 30 min to block nonspecific immunoreactivity. The sections were then incubated with primary antibodies for 60 min at room temperature. Antibodies used in present study were listed in Additional file [3](#MOESM3){ref-type="media"}: Table S1. Sections were then incubated with an anti mouse/rabbit antibody (Envision plus, Dako, Denmark, catalog: K801021--2) for 30 min at room temperature. The chromogen used was ImmPACT AEC Peroxidase Substrate (VECTOR Laboratories) for 20 min. After reading and taking photographs of the slides, sections were then stripped one time used stripping buffer (20% SDS, 0.5 M Tris, and mercaptoethanol) to removing the original antibody for one hour in a water bath at 56 °C to remove the original antibody and then for 10 min in alcohol so that the sections could be restained. Omitting the primary antibody provided negative controls for immunostaining. All the primary antibody stained in the same blots, and in serial sections. All the immunohistochemical staining was evaluated by two pathologists (ZT Yang & YH Xuan) and the staining results were semi-quantitatively scored as negative and positive \[[@CR15]\].

The double immunostaining procedure was performed using a two-step method with LETM1 antibody and anti-CD105 antibody (1:250, Abcam, Cambridge, UK, ab170943) to observe the relationship between the expression of LETM1 and microvessel density (MVD) in NSCLC. Primarily, for the LETM1 protocols, except that the chromogen with the 3, 3′-diaminobenzidine (Dako) for 10 min (FLEX20), all steps are the same. Then, subsequent staining of the same section was performed after incubating the samples with an antibody to CD105 by ImmPACT AEC Peroxidase Substrate for 20 min.

NSCLC cell lines {#Sec5}
----------------

Three human NSCLC cell lines A549, H1299 and H1650 were purchased from ATCC (Manassas, USA) and maintained in DMEM with high glucose (Life Technologies, Grand Island, NY) containing 10% fetal bovine serum (Life Technologies).

Chemically induced hypoxia {#Sec6}
--------------------------

Hypoxia was achieved by exposing cells cultured in normoxic conditions to cobalt chloride (CoCl~2~) (Sigma-Aldrich, St. Louis, MO, USA). In the present studies, A549 cell line was cultured in DMEM with the CoCl~2~ 100 μmol/l for 6 h, 12 h and 24 h.

Western blotting {#Sec7}
----------------

Cells were lysed with RIPA containing with 1 mM PMSF. Then used the BCA protein assay kit was used to measure protein concentrations. The 5 μl marker and 25 μg proteins were separated by 10% SDS-PAGE gels and transferred to PVDF membranes. Membranes were blocked 2 h at RT with 5% skim milk (diluted in TBS), and then incubated with primary antibodies at 4 °C shaking for overnight. Followed by second antibodies anti-rabbit /mouse were blocked 2 h at RT. According to the ECL kit (Enhanced chemiluminescence system kit) protocol, detection was performed.

Immunofluorescence staining {#Sec8}
---------------------------

A549 cells were subcultured in a 6-well plate and incubated at 37 °C 5% CO~2~. After sample preparation by fixation, permeabilization, and blocking, the slides were incubated with primary antibody diluted in 3% BSA at 4 °C overnight. Following primary antibody incubation, the slides were then washed three times and incubated with conjugated secondary antibodies in 3% BSA for 1 h at RT. The slides were washed three times with PBST and counter stained with DAPI (Vector Laboratorise, Burlingame, CA). Immunostained slides were imaged using a confocal laser scanning microscope (Carl Zeiss, Thornwood, New York) and analyzed with Zen software.

Statistical analysis {#Sec9}
--------------------

A Pearson's Chi-square (χ2) test was used for significance testing for categorical data. Continuous data are shown as mean ± standard deviation (SD), tested for the differences between groups by one-way analysis of variance (ANOVA). The Kaplan--Meier method and the log-rank test were used for survival analysis. The Cox proportional hazards model was used for multivariate analysis to evaluate the prognostic value of clinicopathologic factors. All tests were two sided, and differences between groups were considered statistically significant at *p*-value of less than 0.05. The SPSS 25.0 statistical software (IBM Singapore Pte Ltd., Registration No.1975--01566-C) was used to conduct the statistical analysis of our data.

Results {#Sec10}
=======

Expression of LETM1 is correlated with unfavorable progression of NSCLCs {#Sec11}
------------------------------------------------------------------------

The immunohistochemical study revealed that LETM1 was primarily and abundantly expressed in the lung tissues of fetus (Fig. [1](#Fig1){ref-type="fig"}a, b) and in NSCLC tissues (60.0%, 45/75) (Fig. [1](#Fig1){ref-type="fig"}c-e), and rarely detectable in adjacent normal lung pulmonary alveoli (0%, 0/20) (Fig. [1](#Fig1){ref-type="fig"}f) (*p* \< 0.001) (Pearson's χ2 test). Oncomine mRNA analysis revealed that LETM1 mRNA expression was significantly higher in NSCLC than in normal lung samples (*p* \< 0.001) (ANOVA test) (Fig. [2](#Fig2){ref-type="fig"}a). LETM1 expression is significantly correlated with the status of lymph node metastasis (*p* = 0.003) and clinical stage (*p* = 0.005) (Table [1](#Tab1){ref-type="table"}) (Pearson's χ2 test). Our results show that LETM1 expression was diffused and strongly expressed in the lymphatic invasion area of NSCLCs (Fig. [1](#Fig1){ref-type="fig"}e). Moreover, the numbers of new capillary blood vessels around the cancer cells significantly higher in cases of LETM1-positive NSCLC compared to that in negative cases (*p* = 0.024) (ANOVA test) (Fig. [2](#Fig2){ref-type="fig"}c, d). Fig. 1Representative expression of LETM1 in the lung tissues (Immunohistochemical stain). **a** LETM1 expression during lung organogenesis in fetus. **b** Higher magnification of the selected area in a (a, 40×; b, 200×). **c** LETM1 expression in lung adenocarcinoma tissues. **d** LETM1 expression in lung squamous cell carcinoma tissues. **e** LETM1 expression in NSCLC lymphatic invasion area. **f** LETM1 expression in adjacent normal lung tissues (100×) Fig. 2LETM1 expression is correlated with unfavorable progression of non-small cell lung carcinoma (NSCLC). **a** Oncomine mRNA analysis of LETM1 expression in normal and NSCLC ([www.oncomine.org](http://www.oncomine.org)) samples. **b** Kaplan-Meier analysis showed overall survival rate of NSCLC patients with LETM1 expression. **c** Immunohistochemical double staining for LETM1/CD105 in NSCLC. LETM1 (brown) is expressed in the cancer cells, and CD105 (red) is expressed in new capillary blood vessels around cancer cells in the host (100×). **d** Graphs showing the microvessel density (MVD) between LETM1 positive and negative groups in NSCLC. Table 1Comparison of clinicopathologic characteristics according to the LETM1 expression in non-small cell lung carcinoma tissuesVariablenLETM1 (−) n(%)LETM1 (+) n(%)χ^2^R*p*-valueSex0.1860.0480.666 Female238 (34.8)15 (65.2) Male5222 (42.3)30 (57.7)Age (years)1.8510.1490.174 ≤ 653517 (48.6)18 (51.4) \>654013 (32.5)27 (67.5)Size (cm)0.0050.0080.946 ≤ 44317 (39.5)26 (60.5) \>43213 (40.6)19 (59.4)pT stage5.7740.2420.056 T142 (50.0)2 (50.0) T26328 (44.4)35 (55.6) T380 (0.0)8 (100.0)Lymph node metastasis8.5760.3340.003 Negative5627 (48.2)29 (51.8) Positive193 (15.8)16 (84.2)Clinical stage10.7720.3640.005I5528 (50.9)27 (49.1)II162 (12.5)14 (87.5)III40 (0.0)4 (100.0)

The Kaplan-Meier survival analysis was used to examine whether there is a significant association between LETM1 expression and overall survival (OS) in NSCLC. Our results revealed that LETM1 was a strong prognostic factor in NSCLC. The LETM1 positive group's median survival time was 28.05 months whereas the negative group's median survival time was 41.04 months. Specifically, the positive expression of LETM1 in NSCLC patients had significantly lower 5-year OS rates than that in the LETM1 negative groups (*p* = 0.005) (Fig. [2](#Fig2){ref-type="fig"}b). Further, the univariate Cox regression analysis show that following factors are significant prognostic factors of poor OS: pT stage (*p* = 0.002), lymph node metastasis (p = 0.002), and LETM1 expression (*p* = 0.006). The multivariate Cox regression analysis show that pT stage (p = 0.005), lymph node metastasis (*p* = 0.012), and LETM1 expression (*p* = 0.008) are adverse independent poor prognostic predictor of NSCLC in terms of OS (Additional file [3](#MOESM3){ref-type="media"}: Table S1). These results indicate that LETM1 expression is correlated with the poor progression of NSCLC, and LETM1 is a potential prognostic biomarker of NSCLC.

LETM1 expression is correlated with the cancer stemness related genes expression in NSCLC {#Sec12}
-----------------------------------------------------------------------------------------

In order to determine if LETM1 expression is associated with the cancer stemness in NSCLC, we investigated the correlation between LETM1 and cancer stemness related genes expression in NSCLC. Our studies show that stemness related genes, such as CD44, CD133, LGR5, LSD1, OCT4, Sox2 and Sox9 were co-upregulated with LETM1 in A549 cells compared to H1299 and H1650 cells (Additional file [2](#MOESM2){ref-type="media"}: Figure S2a, b) (ANOVA test). To further verify the above observations, we examined the expression of LETM1 and stemness related genes in NSCLC tissues. The immunohistochemical study revealed that LETM1 expression is associated with the expression of stemness-related gene LGR5 and HIF1α (both p \< 0.001), but not with others (Table [2](#Tab2){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Figure S1) (Pearson's χ2 test). LETM1 is mainly expressed in the cytoplasm and LGR5 is mainly expressed in the nucleus of NSCLC cells (Fig. [3](#Fig3){ref-type="fig"}a, b). Further, the LETM1 is co-expressed with the LGR5 in A549 cell line, as revealed by immunofluorescence (Fig. [3](#Fig3){ref-type="fig"}b). Hypoxic microenvironment plays important roles in maintenance of cancer stem cells \[[@CR16]\]. Therefore, we tested whether hypoxic condition would promote LETM1 and cancer stemness gene LGR5 expression in NSCLC cells. When A549 cells were exposed to CoCl~2~ for 6 h, 12 h, and 24 h, the protein expression levels of HIF1α, LETM1 and LGR5 were higher than those in cells under normoxia (*p* \< 0.001 and *p* \< 0.001, respectively) (Fig. [4](#Fig4){ref-type="fig"}a, b) (ANOVA test). Taken together, these results indicate that LETM1 may be an important factor associated with cancer stemness. Table 2Correlation of LETM1 expression with cancer stem cell makers expression in non-small cell lung carcinoma tissuesVariablenLETM1 (−) n(%)LETM1 (+) n(%)χ^2^R*p*-valueSox20.436−0.0760.509 Negative3613 (36.1)23 (63.9) Positive3917 (43.6)22 (56.4)Sox91.8620.1580.172 Negative2814 (50.0)14 (50.0) Positive4716 (34.0)31 (66.0)LSD10.0090.0110.924 Negative4217 (40.5)25 (59.5) Positive3313 (39.4)20 (60.6)CD440.067−0.0310.796 Negative3513 (37.1)22 (62.9) Positive4017 (42.5)23 (57.5)CD1330.1950.0500.659 Negative167 (43.8)9 (56.3) Positive5923 (39.0)36 (61.0)LGR513.1870.417\<0.001 Negative2516 (64.0)9 (36.0) Positive5014 (28.0)36 (72.0)HIF-1α13.0620.423\<0.001 Negative2518 (72.0)7 (28.0) Positive5012 (24.0)38 (76.0) Fig. 3LETM1 and LGR5 expression in non-small cell lung carcinoma (NSCLC) tissues and cancer cells. **a** The expression of LETM1 and LGR5 in NSCLC tissues (Immunohistochemical stain) (100×). **b** Immunofluorescence analysis were performed to detect co-expression of LETM1 and LGR5 in A549 cells. Blue for DAP1; green for LETM1; red for LGR5; double labeling for merged colors Fig. 4LETM1 expression is correlated with cell cycle and PI3K/Akt signaling related genes expression in non-small cell lung carcinoma (NSCLC) tissues. **a** Western blot analysis of the protein levels of HIF1α, LETM1, LGR5, cyclin D1, p27, pPI3K (p85), and pAkt-Thr308 in A549 cells under hypoxia conditions. β-actin was used as a loading control. **b** Blot signals were quantified using ImageJ program. Results were normalized by β-actin signals

LETM1 expression is associated with cell cycle regulatory genes and PI3K/Akt signaling gene expression in NSCLC {#Sec13}
---------------------------------------------------------------------------------------------------------------

Cell cycle progression and PI3K/Akt signaling is a key regulator of cell survival during tumor promotion. Our immunohistochemical staining revealed that LETM1 expression is positively associated with the cell cycle regulatory genes and PI3K/Akt signaling genes, such as cyclin D1 (*p* = 0.003), p27 (*p* = 0.001), pPI3K (p85) (*p* = 0.025), and pAkt-Thr308 (*p* = 0.004) expression in NSCLC tissues (Additional file [3](#MOESM3){ref-type="media"}: Table S2) (Pearson's χ2 test). When A549 cells were exposed to CoCl~2~ for 6 h and 12 h, the protein expression levels of p27 and pAkt-Thr308 were higher than those in cells under normoxia (p = 0.003 and *p* \< 0.001, respectively) (Fig. [4](#Fig4){ref-type="fig"}a,b) (ANOVA test). These results indicate that expression of LETM1 is positively associated with the expression of cell cycle related genes and activation of PI3K/Akt signaling in NSCLC cells.

Discussion {#Sec14}
==========

In this study, we describe the expression of LETM1 in lung cancer cells as a reliable marker of poor prognosis for patients with NSCLC. Our studies show that a positive association between the expression of LETM1 with LGR5 and HIF1α in NSCLC. In addition, the simultaneous expression of LETM1 is associated with cyclin D1, p27, pPI3K (p85), and pAkt-Thr308. Thus, our results indicate that LETM1 plays an important role in the progression of NSCLC.

Immunohistochemical studies revealed that LETM1 was abundantly expressed in NSCLC tissues, and rarely expressed in adjacent non-tumor lung pulmonary alveoli, indicating that LETM1 potentially plays an important role in NSCLC development (Fig. [1](#Fig1){ref-type="fig"}). In triple-negative breast cancer, the LETM1 expression is significantly associated with histological grade, clinical stage, and lymph node metastasis \[[@CR17]\]. However, Hwang et al. reported that overexpression of LETM1 could induce mitochondrial destruction of lung cancer cells and facilitate apoptosis, suggesting that LETM1 upregulation may play a key role in suppressing lung cancer growth and progression \[[@CR18]\]. On the contrary, our results revealed that LETM1 expression is significantly associated with lymph node metastasis and advanced clinical stage (Table [1](#Tab1){ref-type="table"}). Moreover, LETM1 expression was diffuse and strongly expressed in the lymphatic invasion area of NSCLC (Fig. [1](#Fig1){ref-type="fig"}). These results suggest that LETM1 maybe promotes the invasion or metastasis of NSCLC cells. Notably, angiogenesis is a key tumorigenic phenomenon for cancer progression. Our studies show that the MVD was significantly higher in NSCLCs positive for LETM1 expression, suggesting that LETM1 expression is correlated with the angiogenesis of NSCLC (Fig. [2](#Fig2){ref-type="fig"}). The phenomenon suggests that dysregulation of LETM1 has far-reaching influence in the dysfunction of lung cancer cells. Here, we also found that LETM1 is strongly associated with shortened OS rate of patients with NSCLC (Fig. [2](#Fig2){ref-type="fig"}). A similar trend was reported in triple-negative breast cancer \[[@CR17]\]. Overall, our results suggest that the upregulation of LETM1 expression in NSCLC may play a key role in tumor growth and cancer cell proliferation, leading to poor prognosis.

LGR5 has 18 leucine-rich repeats and 7 transmembrane regions, and is a member of the G protein-coupled receptor superfamily. Furthermore, LGR5 has been reported to be a CSC surface marker of colorectal carcinogenesis and a target gene of the Wnt signaling pathway \[[@CR19]\]. Previous studies have suggested that LGR5 expression is an independent prognostic marker in NSCLC \[[@CR20]\]. Since ALDH1A1 was aberrantly expressed in LGR5-positive NSCLC cells, LGR5 may be a novel marker of NSCLC stem-like cells \[[@CR20]\]. Further, hypoxic conditions play important roles in maintenance of CSC features \[[@CR16]\]. Our studies show that LETM1 expression is positively associated with HIF1α as well as LGR5 expression in NSCLC tissues (Table [2](#Tab2){ref-type="table"}). In hypoxic conditions expression levels of HIF1α, LETM1 and LGR5 were higher than those in cells under normoxia (Fig. [4](#Fig4){ref-type="fig"}). Immunofluorescence showed that LETM1 significantly co-stained with LGR5 in A549 cells (Fig. [3](#Fig3){ref-type="fig"}). Moreover, cancer stemness related genes such as CD44, CD133, LGR5, LSD1, OCT4, Sox2 and Sox9 were co-upregulated with LETM1 in A549 cells (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). These results indicate that LETM1 is a potential cancer stemness associated gene in NSCLC. However, further studies are required to elucidate the link between LETM1 expression and CSCs in NSCLC.

It was reported that silencing of LETM1 expression affects autophagy activity and induces AMPK activation and cell cycle arrest \[[@CR21]\]. Furthermore, LETM1 enhances PKB/Akt activation by inhibition of C-terminal modulator protein (CTMP). LETM1 and CTMP participate in insulin signaling via regulation of PKB/Akt activity \[[@CR22]\]. LETM1 is associated with mitochondrial function and PKB/Akt signaling, and LETM1 overexpression increased Akt and pAkt in human papillary thyroid carcinoma \[[@CR23]\]. Our results show that LETM1 positively correlated with cyclin D1, p27, pPI3K (p85), and pAkt-Thr308 expression in NSCLC (Additional file [3](#MOESM3){ref-type="media"}: Table S2). These results indicate that LETM1 may have a crucial role in NSCLC cell cycle progression through regulation of cell cycle related proteins and PI3K/Akt signaling pathway.

Conclusion {#Sec15}
==========

Taken together, our studies strongly indicate that the expression of LETM1 is positively associated with cancer stemness-related gene expression in NSCLC.

Supplementary information
=========================

 {#Sec16}

**Additional file 1: Figure S1**. Immunohistochemical staining of cancer stemness related genes in non-small cell lung carcinoma tissues. (a) LGR5, (b) CD133, (c) CD44, (d) LSD1, (e) Sox2, and (f) Sox9 (100×). (TIF 3020 kb) **Additional file 2: Figure S2**. ETM1 and cancer stemness related genes expressed in non-small cell lung carcinoma cells. (a) Western blot analysis to determine protein levels of LETM1 and cancer stemness related genes expressed in A549, H1299 and H1650 cells. β-actin was used as a loading control. (b) Blot signals were quantified using ImageJ program. Results were normalized by β-actin signals. (TIFF 195 kb) **Additional file 3: Table S1.** Antibodies in this study. **Table S2.** Univariate and Multivariate analyses for prognostic variables of overall survival in non-small cell lung carcinoma patients using Cox proportional-hazards regression. **Table S3.** Correlation of LETM1 expression with cell cycle genes expression in non-small cell lung carcinoma tissues. (DOCX 24 kb)
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